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bstract
Methylene blue (MB) and rhodamine B dyes (RB) were degraded from water using zirconium oxide (ZrO2) and zirconium
xide/graphene composites (ZrO2/GR) as photocatalyst. The photocatalytic efficiency was calculated from absorption spectra
btained using UV–visible spectroscopy. It has been observed that photodegradation time as well as photocatalytic efficiency
ncrease with the concentration of catalyst up to a certain limit after which effect was reversed. The degradation was studied as a
unction of pH also. It was found that photocatalytic efficiency was more in alkaline medium than acidic medium. Degradation of
B takes place at higher value of pH as compared to MB. The degradation time for MB was 1 h using ZrO2 which get reduced to
2 min using ZrO2/GR composite and for RB it reduced to 40 min (using ZrO2/GR) from 80 min (ZrO2).
 2016 National Water Research Center. Production and hosting by Elsevier B.V. This is an open access article under the CC
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction
The synthetic dyes used by textile, food, plastic, paper, printing, pharmaceutical and cosmetic industries are cheaper,
righter and easy to apply. These bright colored dyes changed the face of the world but the chemicals used to produce
yes are often toxic, carcinogenic or even explosive thus from environmental point of view these are undesirable
Lachheb et al., 2002). As synthetic dyes have good solubility in water, so these are common water pollutants and
armful of aquatic animals and plants. Thus it is necessary to eliminate dyes from water before it is discharged into
ater bodies. There are various types of conventional methods used for this purpose but with lots of limitations like
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operating cost, non-biodegradable end products, time consuming, etc. (Robinson et al., 2001; Ma and Yao, 1998). Kim
et al. (2002) observed that the treatment of insoluble dyes from wastewater using conventional adsorption method is not
possible. The coagulation method which is effective for treatment of insoluble dyes from wastewater is not so effective
for soluble dye (Anjaneyulu et al., 2005). So, advanced oxidation process gets attraction because of its capability to
degrade azo dyes completely but at the cost of money (Kang et al., 2000; Kuo, 1992).
Thus cost effective photocatalysis process has become the center of attraction for researchers because of its advan-
tages like biodegradable and non-toxic end products. In photocatalysis process when light of suitable energy falls on
photocatalyst the generated electron hole pair participates in the reaction. To favor photocatalysis the recombination
of electron hole pair must be avoided, so large band gap materials are desired. You-ji and Chen (2011) studied the
degradation of rhodamine B dye using nanocrystalline TiO2–zeolite catalysts. Changchun et al. (2011) studied the
degradation of methyl orange using ZnO. There are lots of materials that are used as a heterogeneous photocatalysts
like SrO2 (Neppolian Choi et al., 2002), WO3 (Carcel et al., 2011), Fe2O3 (Sharma et al., 2014), ZrO2, CdS, SrTiO3
(Shuang et al., 2008) and ZnS (Alemseged et al., 2013) for removal of different types of dyes and contamination from
wastewater.
The efficiency of photocatalysis can be enhanced by using photocatalyst of larger surface area. Carbon nanotubes
(CNTs) were used with catalyst to increase the surface area (Sang et al., 2008). But after the discovery of graphene in
2004 it overtake the CNTs, because of its exciting properties like larger surface area (Stoller et al., 2008), high electron
mobility (Bolotin et al., 2008) and non-solubility in water. Many scientists have studied the synthesis of TiO2–graphene
composite for the degradation of dyes and other contamination from water (Xiang et al., 2012; Huang et al., 2012;
Wang et al., 2012). Graphene has been used to enhance the photocatalytic activity of ZnO, NiO, Fe2O3, Cu2O, MnO2
and SnO2 (Bolotin et al., 2008; Morishige and Hamada, 2005). Previous results indicate that TiO2, using graphene
as a support, is a good material for removal of dyes. But TiO2 is costly and has side effects as it is soluble in water.
Zirconium and titanium are fourth group elements. But oxide of zirconium, zirconium oxide (ZrO2), is insoluble in
water unlike TiO2. These properties make ZrO2 a preferred choice for our work.
ZrO2 is a semiconductor material that exists in three forms tetragonal, monoclinic and cubic (Rani et al., 2014a). It
has band gap in the range of 3–5 eV depending on the preparation method. The most frequent accepted value is 5 eV,
with the conduction band potential of −1.0 V vs. normal hydrogen electrode at zero pH. The wide band gap and high
negative value of conduction band potential allowed its use as a photocatalyst in the production of hydrogen in water
decomposition (Emeline et al., 1998; Silvia et al., 1999). Further the photocatalytic degradation can be enhanced by
adding graphene to it as a supporting material. In our previous work zirconium oxide/graphene (ZrO2/GR) composites
were used to remove methyl orange (MO) dye from wastewater and monoclinic phase of ZrO2 was found to be more
photoactive (Rani et al., 2014a). On the basis of that study monoclinic ZrO2 (1000 ◦C) having 8.3% of GR (ZrO2/GR)
composites are used to remove methylene blue (MB) and rhodamine B (RB) dyes. MB and RB are water soluble
dyes used in textile, printing, pharmaceutical and food industries (Xiang et al., 2012; Huang et al., 2012). Both dyes
have serious health impacts. Effect of parameters such as amount of photocatalyst concentration and effect of pH on
degradation is studied.
2.  Experimental
2.1.  Materials
Graphite powder (purity 99.99%), sodium nitrate (99.0%), sulphuric acid, potassium permanganate (99%), hydrogen
peroxide (H2O2), hydrochloric acid and hydrazine hydrate were purchased from Rankem RFCL Pvt. Ltd., India.
Zirconium oxychloride hydrate (ZrOCl2·8H2O) was purchased from Sigma Aldrich Pvt. Ltd., India. All chemicals
were used directly as received and stock solutions were prepared by using deionized water. MB (C16H18N3SCl) and
RB (C27H29N2NaO7S2) used as dyes in the photocatalytic experiment were purchased from LOBA Chemie Pvt. Ltd.,
Mumbai, India.2.2.  Preparation  of  ZrO2
ZrO2 powder was prepared by combustion method. To prepare ZrO2 powder, ZrOCl2·8H2O was dissolved in DI
water and zirconium hydroxide was precipitated by addition of ammonium hydroxide (maintaining constant pH at
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0.5) while stirring. The resulting mixture was filtered and washed with hot distilled water several times. Finally, the
ltered paste was kept in oven at 100 ◦C for 12 h followed by calcination at 1000 ◦C for 2 h in furnace.
.3.  Synthesis  of  ZrO2/GR  composite
Graphene oxide (GO) and ZrO2 were used as a precursor for synthesis of ZrO2/GR composites. To obtain GO,
raphite oxide was prepared by using Hummers method (Hummers and Offeman, 1958; Rani et al., 2014b). Subse-
uently graphite oxide was ultrasonicated for 1 h in 100 mL DI water and centrifuged at 4000 rpm for 20 min. The
olid product (GO) was dried in air. The synthesized ZrO2 (1.64 g, 0.1 mol) was dissolved to 100 mL DI water. GO
150 mg) and hydrazine hydrate (10 L, 0.2 ×  10−3 mol) were added to it. Hydrazine hydrate reduced the GO to GR.
he mixture was refluxed in optimized conditions i.e. at 130 ◦C for 36 h. After refluxing the solution was filtered and
ashed with DI water and kept in oven at 80 ◦C for drying to give 8.3% weight fraction of GR in ZrO2 (Rani et al.,
014b).
.4.  Preparation  of  dye  solution
Solutions of MB and RB were prepared by dissolving 4 mg of dye in 500 mL of DI water. In 100 mL dye solution,
he different amount (0.1 g/L, 0.3 g/L, 0.5 g/L or 1 g/L) of catalyst (ZrO2 or ZrO2/GR) was added and kept under UV
adiation. Photodegradation was studied at different intervals of time using UV–visible spectroscopy.
.  Characterization
The crystal phase was characterized by X-ray diffraction (XPERT-PRO diffractometer (45 kV, 40 mA) equipped
ith a Giono-meter PW3050/60 working with Cu K radiation of wavelength 1.5406 A˚ in the 2θ  range from 5 to
0◦). UV–visible spectroscopy was carried out by using a LAMBDATM 650 UV/vis/NIR spectrometer (Perkin Elmer,
nc., Shelton, CT, USA). TEM characterization was carried out using Tecnai 200 kV TEM (Fei, Electron Optics)
ransmission Electron Microscope equipped with digital imaging and 35 mm photography system.
.1.  Results  and  discussion
XRD patterns of graphite, GO and GR are shown in Fig. 1a. The strong and sharp peak at 2θ  = 10.56◦ corresponds
o the GO (001). Interlayer distance of GO (8.37 A˚) is greater than graphite (3.36 A˚). The larger interlayer distance of
O might be due to the formation of oxygen-containing functional groups such as hydroxyl, epoxy and carboxyl (Tong
t al., 2011) in graphite. From the XRD pattern of GO, it was observed that the graphite powder was oxidized to GO.
Fig. 1. XRD patterns of (a) graphite, graphene oxide (GO) and reduced graphene oxide (GR) and (b) ZrO2 and ZrO2/GR.
54 S. Rani et al. / Water Science 30 (2016) 51–60Fig. 2. Raman spectra of ZrO2 and ZrO2/GR.
In the XRD pattern of GR the peak corresponding to GO at 2θ  = 10.56◦ is completely disappeared. It confirms that the
oxygen-containing functional groups of GO could be completely got rid off by reduction through hydazine hydrate (Gao
et al., 2009). The shift in the peak of graphite from 26.4◦ to 25.11◦ is due to the short-range order of stacked layers. The
interlayer distance of GR is 3.54 A˚ larger than graphite (3.36 A˚) due to remaining oxygen-containing functional groups.
XRD patterns of ZrO2 and ZrO2/GR are shown in Fig. 1b. In the pattern of ZrO2 (annealed at 1000 ◦C) monoclinic
peaks at 2θ  = 24.08◦, 34.10◦, 35.33◦, 38.41◦, 40.79◦, 50.18◦, 53.95◦, 55.24◦, 57.15◦, 58.13◦, 59.97◦, 62.77◦, 65.09◦,
69.06◦, 71.09◦, 75.30◦. 78.21◦ and a peak at 31.49◦ corresponding to cubic phase was observed. On the other hand in
ZrO2/GR these peaks shifts slightly from there position due to interaction of ZrO2 with GR. The peak corresponding
to cubic phase is disappeared. So the monoclinic phase has been increased by the addition of GR in ZrO2. The amount
of monoclinic phase in pure ZrO2 powder is calculated by peak area of the monoclinic peaks (11¯1) and (111) vs. cubic
peak (111) using equation (Benedetti et al., 1989):
%M  = I(11
¯1)m  +  I(111)m
I(11¯1)m  +  I(111)m  +  I(111)c
where I(11¯1)m, I(111)m  and I(111)c  are area under the monoclinic peaks (11¯1), (111) and cubic peak (111) respectively.
It is calculated that ZrO2 have 92.3% monoclinic phase and 7.7% cubic phase.
The crystalline size of ZrO2 powder was calculated using Debye–Scherrer formula:
D  = Kλ
β  cos θ
where D  is the average crystallite size, K  = correction factor (0.9), λ  = 0.154 nm wavelength of Cu K, β  the peak width
and θ  the peak angle.
The crystalline size of ZrO2 is calculated to be equal to 45.3 nm and for ZrO2/GR it is 33.9 nm.
Interaction between ZrO2 and GR is verified using Raman analysis. ZrO2 has 18(9Ag + 9Bg) Raman active modes
for the monoclinic phase according to the factor group theory (Damilola et al., 2010). Raman spectrum of ZrO2 shows
monoclinic peaks corresponding to Ag at 177 cm−1, Bg at 333 cm−1, Bg at 381 cm−1, Ag at 475 cm−1, Ag at 558 cm−1
and Ag at 637 cm−1 as shown in Fig. 2. In ZrO2/GR D band is observed at 1345 cm−1 as compared to GO where D
band has been prominent at 1353 cm−1 (not shown in figure). G peak at 1579 cm−1 and second-order two-phonon
mode corresponding to GR at 2167 cm−1 suggest interaction between GR and ZrO2. Small shift in the ZrO2 peaks
of ZrO2/GR is due to the interaction between GR and ZrO2. The ID/IG is 1.05 for ZrO2/GR composite suggesting
efficient interaction of GR with ZrO2.
TEM images of the materials are useful to give information about the particle size and shape. Aqueous dispersion
of GO, GR, ZrO2 and ZrO2/GR was used for TEM analysis. As shown in Fig. 3a, the GO nanosheets have wrinkles
at several places arise due to various defects and functional groups carrying sp3 hybridization which are introduced
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uring the oxidation process. In general, GO nanosheets tend to be assembled with each other and forms multilayer
gglomerate. TEM image of GR shows 2 or 3 layers of GR bend on each other as shown in Fig. 3b. Fig. 3c shows the
mage of ZrO2 nanoparticles having particle size less than 100 nm. But in ZrO2/GR the particle agglomerate on GR
nd particles of size up to 200 nm were observed as shown in Fig. 3d.
.  Photocatalytic  analysis
The photodegradation of MB and RB dyes was studied using the different amount of catalyst and for different value
f pH. Firstly, controlled experiment was performed under UV light in the absence of catalyst and it was observed that
low photodegradation of dyes took place. This may be due to the self-fading of the dye but this takes very long time
1 h 48 min for MB and 1 h 30 min for RB) and efficiencies were also poor.
.1.  Effect  of  catalyst  concentration  on  degradation  of  dyes
The degradation of MB and RB was found to be catalyst concentration dependent. To study the effect of concentration
he experiment was carried out between 0.1 g/L and 1 g/L concentration of catalyst. Photodegradation efficiency is
alculated by (Emeline et al., 1998):
% Photodegradation efficiency =
(
A0 −  A
A
)
×  100
here A0 is the initial concentration of dye and A  is the concentration of dye at any time t.
As shown in Fig. 4 it is observed that degradation efficiency increases with increase in the concentration of catalystp to 0.5 g/L and after this the effect is reversed. Degradation time of MB was reduced from 108 min (absence of
atalyst) to 60 min with ZrO2 (0.5 g/L in the dye solution). As shown in Fig. 4a if the concentration increases beyond
his the degradation is found to be decreasing. This may be due to the fact that the particles start to agglomerate on
he surface and light does not reach to dye solution efficiently. Also excess of catalyst prevents the formation of -OH
56 S. Rani et al. / Water Science 30 (2016) 51–60Fig. 4. Effect of concentration on degradation of MB dye (a) ZrO2 and (b) ZrO2/GR.
radical essential for photodegradation (Asiltürka et al., 2006). Degradation time is reduced further using ZrO2/GR as a
catalyst. It was found that catalyst dependency of ZrO2/GR is same as that of ZrO2 but the degradation occur faster in
case of ZrO2/GR as shown in Fig. 4b. The higher degradation of MB occurs in 32 min with ZrO2/GR (0.5 g/L) at pH
10 as shown in Fig. 5c as compared to ZrO2 which degrade MB in to 60 min with less efficiency as shown in Fig. 5a.
It is also observed that pattern of degradation of dyes remain same if pH of solution is changed. That is degradation
time goes on decreasing with increasing the concentration up to 0.5 g/L and after this concentration degradation time
increases. Similarly for RB the removal rate is increased with increased in the concentration of catalyst up to 0.5 g/L
and than decreases. As shown in Fig. 5b the RB degraded in 80 min with ZrO2 and in 40 min with ZrO2/GR as shown
Fig. 5. The % photocatalytic degradation curves (a) for MB degradation at pH = 10 using ZrO2 as a catalyst, (b) for RB degradation at pH = 11
using ZrO2 as a catalyst, (c) for MB degradation at pH = 10 using ZrO2/GR as a catalyst and (d) for RB degradation at pH = 11 using ZrO2/GR as a
catalyst.
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n Fig. 5d as a catalyst at pH of 11 for 0.5 g/L concentration. The absorption spectra of degradation MB and RB using
rO2/GR (0.5 g/L) are shown in Fig. 6 and corresponding variation in the color of dyes with degradation is shown in
ig. 7.
It is found that photodegradation efficiency depends upon the catalyst concentration. As shown in Fig. 5a MB
egraded up to 84.6% for 0.5 g/L whereas it degraded up to 55.89% for 0.1 g/L concentration of ZrO2 at pH 10. The
B degraded up to 88.5% for 0.5 g/L concentration ZrO2 as shown in Fig. 5b as compared to 0.1 g/L for which it
egraded up to 63.2% at pH 11.
.2.  Effect  of  pH
In photocatalysis, the pH value is the important factor influencing the rate of degradation. The photocatalytic
egradation of MB and RB was investigated as a function of pH in the range of 3.0–12.0. The strong effect of pH on
he photodegradation efficiency of MB and RB solution was observed. The highest dye removal rate was obtained at
H of 10 and 11 for MB and RB respectively as shown in Fig. 8. For further increase in pH the degradation efficiency
ecreases. This observation indicates that efficient degradation of RB needs more basic solution as compared to MB.
t is also observed that degradation is faster in alkaline medium as compared to acidic medium for both dyes. This
henomenon may be explained in terms of charge on ZrO2. As ZrO2 particles are either positively or negatively charged
epending on the value of pH (Jelena et al., 2013). The point of zero charge (pzc) of ZrO2 sample was reported as pH
.5. This means if pH < pHpzc, the surfaces of ZrO2 particles are positively charged and if pH > pHpzc ZrO2 particles are
egatively charged. As MB and RB are basic dyes and these produce cations in water so catalyst (ZrO2 or ZrO2/GR)
epels MB and RB particles in acidic medium. Hence degradation was less in acidic medium. On the other hand in
ig. 7. Color chages effects with time in (a) MB for 0, 10, 20, 30 and 32 min and (b) RB for 0, 10, 20, 30 and 40 min using ZrO2/GR (0.5 g/L) as a
atalyst.
58 S. Rani et al. / Water Science 30 (2016) 51–60Fig. 8. The % photocatalytic degradation curves of MB and RB with time as a function of pH (a) for MB dye using ZrO2, (b) for RB using ZrO2,
(c) for MB dye using ZrO2/GR and (d) for RB dye using ZrO2/GR.
basic medium catalyst is negatively charged so adsorption becomes possible and hence degradation rate is enhanced.
Also in the alkaline medium the generation of OH radicals is easier hence degradation rate increases.
4.3.  Effect  of  GR
To enhance the photocatalytic degradation efficiency of ZrO2, GR can be used because of its high surface area.
The high surface area of GR provides more efficient absorption of light so that the generation of OH radical become
faster. Thus photocatalysis reaction is enhanced because of high oxidation potential of OH radical. Additionally the
electrons produced during photocatalysis reaction are transferred to GR. So electron hole recombination is stopped
and photocatalyst reaction rate is further enhanced. As shown in Fig. 5(c) and (d) the photodegradation efficiency is
more for ZrO2/GR catalyst as compared to ZrO2. Also the degradation occurs in less time than that for ZrO2. The
degradation efficiency for ZrO2 (at pH 10) for 0.5 g/L for removal of MB was increased from 84.6% to 98.1% when
ZrO2 was replaced with ZrO2/GR. As shown in Fig. 5(b) and (d) for removal of RB it increased from 88.5% (ZrO2) to
99% (ZrO2/GR). Thus it can be concluded that addition of GR in ZrO2 results in the enhancement in the photocatalytic
properties of ZrO2. The removal of RB (99%) is occurred more efficiently than MB (98.1%) and previously studied
MO (98%) (Rani et al., 2014a). Degradation efficiency is almost same for all dyes but the degradation take place in
32 min in MB, 40 min in RB and 45 min in MO (Rani et al., 2014a). Thus it can be concluded that ZrO2/GR can remove
the dyes more efficiently than ZrO2. The degradation of RB occurs in less time (40 min) using ZrO2/GR composite as
compared to nano-TiO2 (60 min) used by Asiltürka et al. (2006) to remove RB from water. MB degradation was fastest
among the three dyes. In comparison of MO, the degradation of MB and RB was easier as there is no requirement of
continuous supply of oxygen or addition of hydrogen peroxide to remove excess electrons from the surface.
5.  ConclusionThe photocatalytic degradation of MB and RB by ZrO2 is enhanced by addition of graphene. It was found that
the degradation rate and degradation efficiency increases with the concentration of catalyst up to a particular value
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0.5 g/L). The degradation of MB and RB is more in alkaline medium as compared to acidic medium. The degradation
fficiency was found to be increased up to 98% for MB and 99% for RB using ZrO2/GR composite. Hence, study
eveals that a particular concentration of ZrO2/GR composite degrades MB and RB almost completely. Thus ZrO2/GR
omposite can be used for water purification without any side effects as it is insoluble in water and hence can be
ecovered also.
cknowledgement
One of author Sumita Rani is thankful to INSPIRE, Department of Science and Technology (DST), India for funding
upport.
eferences
lemseged, E., Yadav, O.P., Bachheti, R.K., 2013. Photocatalytic degradation of methyl orange dye using Cr-doped ZnS nanoparticles under visible
radiation. Int. J. ChemTech Res. 5, 1452–1461.
njaneyulu, Y., Chary, N.S., Raj, D.S.S., 2005. Decolourization of industrial effluents – available methods and emerging technologies – a review.
Rev. Environ. Sci. Biotechnol. 4, 245–273.
siltürka, M., Sayılkan, F., Erdemo˘glu, S., Akarsu, M., Sayılkan, H., Erdemo˘glu, M., Arpac, E., 2006. Characterization of the hydrothermally
synthesized nano-TiO2 crystallite and the photocatalytic degradation of rhodamine B. J. Hazard. Mater. 129, 164.
enedetti, A., Fagherazzi, G., Pinna, F., 1989. Preparation and structural characterization of ultrafine zirconia powders. J. Am. Ceram. Soc. 72,
467–469.
olotin, K.I., Sikes, K.J., Jiang, Z., Klima, M., Fudenberg, G., Hone, J., Kim, P., Stormer, H.L., 2008. Ultrahigh electron mobility in suspended
graphene. Solid State Commun. 146, 351–355.
arcel, R.A., Andronic, L., Duta, A., 2011. Photocatalytic degradation of methyl orange using TiO2, WO3 and mixed thin films under controlled
pH and H2O2. J. Nanosci. Nanotechnol. 11, 9095–9101.
hangchun, C., Jiangfeng, L., Ping, L., Benhai, Y., 2011. Investigation of photocatalytic degradation of methyl orange by using nano-sized ZnO
catalysts. Adv. Chem. Eng. Sci. 1, 9–14.
amilola, A.D., Madhivanan, M., Gerardine, G.B., 2010. Density functional theory analysis of Raman frequency modes of monoclinic zirconium
oxide using Gaussian basis sets and isotopic substitution. J. Phys. Chem. B 114, 9323–9329.
meline, A., Kataeva, G.V., Litke, A.S., Rudakova, A.V., Ryabchuk, V.K., Serpone, N., 1998. Spectroscopic and photoluminescence studies of a
wide band gap insulating material: powdered and colloidal ZrO2 sols. Langmuir 14, 5011–5022.
ao, W., Alemany, L.B., Ci, L., Ajayan, P.M., 2009. New insights into the structure and reduction of graphite oxide. Nat. Chem. 1, 403–408.
uang, X., Qi, X., Boey, F., Zhang, H., 2012. Graphene-based composites. Chem. Soc. Rev. 41, 666–686.
ummers, W.S., Offeman, R.E., 1958. Preparation of graphitic oxide. J. Am. Chem. Soc. 80, 1339.
elena, P.M., Slobodan, K.M., Vukadin, M.L., 2013. Stability of zirconia sol in the presence of various inorganic electrolytes. J. Serb. Chem. Soc.
78, 1975–1982.
ang, S.F., Liao, C.H., Po, S.T., 2000. Decolourization of textile wastewater by photo-Fenton oxidation technology. Chemosphere 41, 1287–1295.
im, S.H., Kim, T.W., Cho, D.L., Lee, D.H., Kim, J.C., Moon, H., 2002. Application of characterization procedure in water and wastewater treatment
by adsorption. Korean J. Chem. Eng. 19, 895–902.
uo, W.G., 1992. Decolourizing dye wastewater with Fenton’s reagent. Water Res. 26, 881–886.
achheb, H., Puzenat, E., Houas, A., Ksibi, M., Elaloui, E., Guilland, Ch., Herrmann, J.M., 2002. Photocatalytic degradation of various types of
dyes (alizarin S, crocein orange G, methyl red, congo red, methylene blue) in water by UV-irradiated titania. Appl. Catal. B: Environ. 39, 75–90.
a, Y., Yao, J.N., 1998. Photodegradation of rhodamine B catalyzed by TiO2 thin films. J. Photochem. Photobiol. A: Chem. 116, 167–170.
orishige, K., Hamada, T., 2005. Iron oxide pillared graphite. Langmuir 21, 6277–6281.
eppolian Choi, H.C., Sakthivel, S., Banumathi, A., Murugesan, V., 2002. Solar/UV-induced photocatalytic degradation of three commercial textile
dyes B. J. Hazard. Mater. B 89, 303–317.
ani, S., Kumar, M., Sharma, S., Kumar, D., Tyagi, S., 2014a. Effect of graphene in enhancing the photo catalytic activity of zirconium oxide. Catal.
Lett. 144, 301–307.
ani, S., Kumar, M., Sharma, S., Kumar, D., 2014b. Role of graphene in structural transformation of zirconium oxide. J. Sol–Gel Sci. Technol. 71,
470–476.
obinson, T., McMullan, G., Marchant, R., Nigam, P., 2001. Remediation of dyes in textiles effluent: a critical review on current treatment
technologies with a proposed alternative. Bioresour. Technol. 77, 247–255.
ang, J.K., Ji, S.I., Phil, H.K., Taejin, K., Young-Seak, L., 2008. Photo catalytic activity of CNT-TiO2 nano composite in degrading anionic and
cationic dyes. Carbon Lett. 9, 294–297.
harma, P., Kumar, R., Chauhan, S., Dilbag, S., Chauhan, M.S., 2014. Facile growth and characterization of Fe2O3 nanoparticles for photocatalytic
degradation of methyl orange. J. Nanosci. Nanotechnol. 14, 1–5.
huang, S., Lejin, X., Zhiqiao, H., Haiping, Y., Jianmeng, C., Xiuzhen, X., Bing, Y., 2008. Photocatalytic degradation of C.I. Direct Red 23 in
aqueous solutions under UV irradiation using SrTiO3/CeO2 composite as the catalyst. J. Hazard. Mater. 152, 1301–1308.
60 S. Rani et al. / Water Science 30 (2016) 51–60
Silvia, G.B., Navío, J.A., Hidalgo, M.C., Restrepo, G.M., Litter, M.I., 1999. Photocatalytic properties of ZrO2 and Fe/ZrO2 semiconductors prepared
by a sol–gel technique. J. Photochem. Photobiol. A: Chem. 129, 89–99.
Stoller, M.D., Park, S., Zhu, Y., An, J., Ruoff, R.S., 2008. Graphene-based ultracapacitors. Nano Lett. 8, 3498–3502.
Tong, X., Wang, H., Wang, G., Wan, L., Ren, Z., Bai, J., 2011. Controllable synthesis of graphene sheets with different numbers of layers and effect
of the number of graphene layers on the specific capacity of anode material in lithium-ion batteries. J. Solid State Chem. 184, 982–989.
Wang, W., Yu, J., Xiang, Q., Cheng, B., 2012. Enhanced photocatalytic activity of hierarchical macro/mesoporous TiO2–graphene composites forphotodegradation of acetone in air. Appl. Catal. B: Environ. 119–120, 109–116.
Xiang, Q., Yu, J., Jaroniec, M., 2012. Graphene-based semiconductor photocatalysts. Chem. Soc. Rev. 41, 782–796.
You-ji, L., Chen, W., 2011. Photocatalytic degradation of rhodamine B using nanocrystalline TiO2–zeolite surface composite catalysts: effects of
photocatalytic condition on degradation efficiency. Catal. Sci. Technol. 1, 802–809.
